Renewable  and  Sustainable  Energy  Reviews  15  (2011)  3608-3616 


ELSEVIER 


Contents  lists  available  at  ScienceDirect 

Renewable  and  Sustainable  Energy  Reviews 

journal  homepage:  www.elsevier.com/locate/rser 


Viability  of  CCS:  A  broad-based  assessment  for  Malaysia 

N.Y.G.  Lai*,  E.H.  Yap,  C.W.  Lee 

Department  of  Mechanical,  Materials  &  Manufacturing  Engineering,  The  University  of  Nottingham  Malaysia  Campus,  Jalan  Broga,  43500  Semenyih,  Selangor,  Malaysia 


ARTICLE  INFO 


ABSTRACT 


Article  history: 

Received  29  March  201 1 
Accepted  30  May  201 1 
Available  online  5  August  201 1 


Keywords: 

Climate  change 
CCS 

Technology  assessment 
Malaysia 


Climate  change  is  fast  becoming  the  major  environmental  and  energy  concern  worldwide.  There  is  a  major 
dilemma  between  the  continued  reliance  on  fossil  fuel  for  our  energy  supply  and  the  pressing  need  to 
address  the  problem  of  greenhouse  gas  (GHG)  emissions  from  combustion  process.  This  paper  reviews 
the  potential  for  carbon  capture  and  storage  (CCS)  as  a  part  of  the  climate  change  mitigation  strategy  for 
the  Malaysian  electricity  sector  using  a  technology  assessment  framework.  The  nation’s  historical  trend 
of  high  reliance  on  fossil  fuel  for  its  electricity  sector  makes  it  a  prime  candidate  for  CCS  adoption.  The 
suitability  and  practicality  of  the  technology  was  reviewed  from  a  broad  perspective  with  consideration 
of  Malaysia-specific  conditions.  It  is  apparent  from  this  assessment  that  CCS  has  the  potential  to  play  an 
important  role  in  Malaysia’s  climate  change  mitigation  strategy  provided  that  key  criteria  are  fulfilled. 
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1.  Introduction 

Climate  change  currently  ranks  as  one  of  humanity’s  greatest 
challenge  [1,2]  in  view  of  the  potential  catastrophic  impact  upon 
the  world  and  the  enormous  global  effort  required  to  mitigate 
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dedicated  to  individuals  and  groups  who  have  worked  to  address 
the  issue. 

Combustion  of  fossil  fuel  has  been  identified  as  the  leading 
source  of  C02  emissions  into  the  atmosphere  which  is  the  key 
driver  for  anthropogenic  climate  change.  In  order  to  reduce  the 
emissions  of  C02  different  technology  options  have  been  proposed 
and  explored  in  order  to  achieve  a  sustainable  low  carbon  energy 
society.  There  is  no  clear  single  technology  option  available  that 
could  solve  the  emissions  issue  of  our  energy  needs  and  most  likely 
a  portfolio  of  technology  solutions  would  be  required  in  order  to 
prevent  dangerous  anthropogenic  interference  with  the  climate 
system  [3-6]. 

Uncertainty  and  lack  of  clear  technological  solution  for  clean, 
reliable  and  accessible  energy  with  low  emissions  into  the  atmo¬ 
sphere  have  compounded  the  complexities  of  efforts  needed  to  stop 
climate  change  [7].  There  have  been  intense  competitions  for  fund¬ 
ing  critical  towards  the  research,  development  and  deployment  of 
these  mitigation  technologies.  For  this  reason,  proper  screening  and 
assessment  for  the  selection  of  possible  technological  propositions 
is  required.  Carbon  capture  and  storage  (CCS)  has  been  projected 
as  a  potential  solution  for  minimizing  the  emissions  of  C02  from 
power  plants,  industries  and  other  large  C02  emission  point  sources 
but  doubts  on  its  suitability  still  remains.  Malaysia,  as  with  many 
other  countries  with  a  high  reliance  on  fossil  fuel  for  its  electricity 
(see  e.g.  [8]),  are  potential  adopters  of  the  technology.  This  paper 
seeks  to  examine  CCS  from  a  broad  perspective  in  order  to  assess 
its  suitability  for  inclusion  into  Malaysia’s  portfolio  of  greenhouse 
gas  (GHG)  mitigation  options. 

2.  Methodology 

Technology  assessment  is  an  important  instrument  for  the 
review  of  possible  technological  solutions.  It  has  been  a  growing 
field  of  technology  management  study  and  receives  considerable 
attention  by  researchers  in  the  public  and  private  domains.  The  con¬ 
cept  was  first  pioneered  in  the  1960s  in  the  United  States  through 
the  establishment  of  the  Office  of  Technology  Assessment  (OTA) 
to  fulfill  the  U.S.  Congress  policy  needs.  Technology  assessment 
has  been  classically  defined  as  “a  class  of  policy  studies  to  sys¬ 
tematically  examine  the  effects  on  society  that  may  occur  when 
a  technology  is  introduced,  extended  or  modified”  [9]. 

There  are  many  different  approaches  for  technology  assess¬ 
ment  (see  e.g.  [10-13]),  but  this  paper  utilizes  a  framework  based 


upon  earlier  works  by  MacGill  et  al.  [14-16].  It  is  essentially  a 
risk-based  technology  assessment  framework  for  GHG  mitigation 
technologies  and  serves  as  a  screening  tool  for  the  suitability  of  the 
technology  for  its  intended  purpose.  Of  the  assessment  methods 
available,  this  particular  framework  was  selected  due  to  its  ability 
to  assess  the  specific  mitigation  technology  from  a  broad  perspec¬ 
tive.  Technologies  are  reviewed  from  a  number  of  different  aspects 
which  in  turn  provides  a  valuable  presentation  on  the  potential 
and  impact  of  a  proposed  technology  introduction.  In  addition  to 
the  above  framework,  this  paper  also  covers  the  evaluation  of  the 
technology  readiness  level  (TRL)  of  CCS  in  order  to  obtain  a  com¬ 
prehensible  indicator  on  the  technology  maturity.  The  TRL  concept 
was  pioneered  by  the  National  Aeronautics  and  Space  Administra¬ 
tion  (NASA)  for  the  evaluation  of  its  space  shuttle  programs  and 
later  was  adapted  by  the  U.S.  Department  of  Energy  (DOE)  for  the 
assessment  of  its  major  research  programs.  The  concept  has  since 
been  adopted  by  other  agencies  and  organizations  worldwide  for 
the  assessment  of  a  wide  range  of  technologies.  The  TRL  evaluation 
introduced  further  complements  the  framework  technical  status 
assessment  of  the  framework  and  thus  provides  a  comprehensive 
indicator  on  the  technology  readiness.  Fig.  1  provides  a  schematic 
overview  of  the  overall  framework  utilize  for  this  study. 

3.  CCS  as  a  mitigation  technology  option 

3.2.  Technical  status 

CCS  is  a  concept  made  up  of  three  major  technology  compo¬ 
nents;  the  capture,  the  transport  and  the  storage  of  the  C02.  All  of 
these  components  are  essential  for  the  effectiveness  of  CCS. 

3.2.2.  Capture 

Capture  of  C02  for  CCS  can  be  achieved  using  one  of  the 
three  main  methods  being  developed.  Capture  can  be  done  via 
post-combustion  capture,  pre-combustion  capture  or  oxyfuel  com¬ 
bustion  [17]. 

Of  the  three  capture  methods,  post-combustion  capture  utiliz¬ 
ing  amine  scrubbing  is  the  leading  solution  for  effective  capture 
of  C02  from  flue  gas  streams.  Currently  there  are  already  estab¬ 
lished  industrial  applications  of  amine  scrubbing  for  acquiring  pure 
stream  of  C02  for  commercial  purpose.  The  most  notable  project  on 
capturing  of  C02  for  climate  change  mitigation  purpose  in  Sleipner, 
Norway  also  adopted  the  amine  scrubbing  method  for  C02  separa- 
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Fig.  1.  Schematic  representation  of  a  risk-based  technology  assessment  framework  for  CCS. 
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tion  [18].  However,  the  low  concentration  of  C02  in  power  plant  flue 
gas  and  the  sheer  volume  of  gas  emitted  provide  additional  chal¬ 
lenges  for  the  use  of  post-combustion  capture.  The  current  process 
still  requires  much  effort  and  energy.  Recent  evidence  suggests  that 
energy  penalty  incurred  for  post-combustion  capture  will  range 
between  22  and  29%  [19].  These  findings  were  derived  based  on  the 
current  known  absorbents  and  processes.  Further  research  is  ongo¬ 
ing  in  establishing  the  best  mix  of  chemicals  for  absorbents  with 
better  suited  properties  for  the  selective  separation  of  C02.  This  in 
return  might  translate  into  better  capture  performance  and  lower 
energy/cost  from  the  process.  Some  reviews  of  the  recent  advances 
and  the  future  for  post-combustion  capture  can  be  found  in  [20-23  ]. 
PriorTRL  assessment  on  the  post-combustion  capture  had  rated  the 
technology  to  be  in  a  range  of  between  2  and  7,  depending  on  the 
exact  configuration  employed  [24,25]. 

In  order  to  overcome  the  hassle  of  dealing  with  the  huge  vol¬ 
ume  of  flue  gas  with  very  low  C02  concentration,  there  have  been 
efforts  to  capture  C02  from  power  plants  prior  to  the  combus¬ 
tion  process.  The  pre-combustion  capture  method  for  C02  is  best 
suited  for  integration  with  the  integrated  gasification  combined 
cycle  (IGCC)  power  plants.  In  an  IGCC  power  plant,  coal  or  other 
suitable  feed  stock  are  gasified  (partially  combusted)  to  produce 
syngas  which  is  a  mixture  of  hydrogen  and  C02.  The  C02  can  be 
separated  while  the  hydrogen  is  used  for  power  generation.  Pre¬ 
combustion  capture  using  physical  solvents  can  be  introduced  for 
IGCC  systems  due  to  the  high  partial  pressure  of  C02  in  syngas. 
This  will  allow  a  less  costly  process  for  the  separation  of  C02. 
Despite  the  potential,  there  are  still  no  operating  IGCC  systems  with 
C02  capture  till  date.  Moreover,  the  deployment  of  IGCC  systems 
worldwide  has  not  been  so  successful.  By  2004,  there  were  only 
limited  IGCC  systems  in  operations  with  the  systems  contribut¬ 
ing  only  a  mere  4GWe  of  the  world  total  electricity  generation 
[26].  Proponents  of  IGCC  with  CCS,  however,  believe  that  IGCC 
with  CCS  would  be  a  viable  clean  coal  technology  providing  the 
opportunity  for  the  continued  extraction  of  energy  from  the  cheap 
and  abundant  source  of  coal  without  the  harmful  emissions  to  the 
environment.  It  has  also  the  potential  for  the  lowest  cost  for  cap¬ 
ture  $/tC02.  The  Electric  Power  Research  Institute  (EPRI)  reports 
that  the  TRL  for  pre-combustion  capture  technology  is  rated  at 
9,  which  is  the  technology  readiness  level  for  mass  deployment 
[27,28].  However,  the  challenge  would  be  first  to  establish  the 
IGCC  technology  and  to  overcome  the  high  capital  cost  for  the 
plant,  to  increase  reliability,  availability  and  to  lower  the  cost  of 
electricity  from  this  generation  technology.  Once  achieved,  IGCC 
with  pre-combustion  capture  would  be  an  attractive  technology 
for  deployment. 

A  different  approach  to  minimize  the  amount  of  flue  gas  for  C02 
capture  is  through  the  method  of  oxyfuel  combustion  power  plants. 
The  concept  directly  addresses  the  need  to  separate  N2  from  C02 
in  combustion  flue  gas.  In  an  oxyfuel  combustion  power  plant,  high 
purity  02  is  used  for  combustion.  As  an  outcome  from  this  change 
of  feed  gas,  the  flue  gas  will  now  be  made  up  almost  entirely  by  C02 
and  water  vapor,  which  will  be  readily  available  for  capture  [17]. 
Positive  impact  from  this  change  includes  a  significantly  lower  vol¬ 
ume  of  flue  gas  for  treatment,  the  ability  to  separate  C02  simply  by 
drying  up  the  water  vapor  composition  and  minimize  formation 
of  NOx.  Conversely,  the  need  to  produce  pure  02  for  combustion 
instead  of  just  using  atmospheric  filtered  air  increases  the  overall 
cost  for  electricity  generation.  Additional  capital  expenditures  are 
required  for  the  installation  of  the  key  components  for  oxyfuel  com¬ 
bustion  plants  namely  the  air  separation  units  (ASU),  the  flue  gas 
recycle  system  and  the  C02  purification  and  compression  system. 
Moreover,  there  is  a  considerable  energy  penalty  cost  from  the  use 
of  the  ASU.  A  number  of  studies  estimated  that  the  ASU  consumes 
between  0.200  and  0.275  kilowatt-hour  electric  (kWhe)  which  is 
equivalent  to  between  20  and  30%  of  the  plant  electricity  output 


[17,29,30].  The  oxyfuel  combustion  concept  is  still  far  from  being 
ready  for  large  scale  deployment.  There  has  not  been  any  commer¬ 
cial  version  of  the  technology  in  operation  as  of  yet.  The  technical 
readiness  of  the  technology  as  rated  by  the  research  group  from 
Imperial  College  London  is  at  5,  based  on  oxyfuel  combustion  with 
cryogenic  air  separation  [25]. 

3.2.2.  Transport 

The  likelihood  that  the  large  emission  source  and  storage  loca¬ 
tions  might  differ  necessitates  an  effective  and  reliable  system  for 
transfer  of  the  captured  C02 .  Technology  for  transport  of  C02  is  per¬ 
haps  the  most  established  when  compared  with  the  capture  and 
storage  part  of  CCS.  There  are  a  number  of  options  available  for  the 
movement  of  a  large  amount  of  gas  across  great  distances,  differ¬ 
ing  geographical  terrain  and  population  settings.  Options  for  the 
transport  of  C02  overland  include  trucks,  railways  and  pipelines. 
For  large  distances  and  quantity  of  C02  which  is  expected  from  a 
commercial  scale  CCS  project,  pipeline  transportation  will  be  the 
preferred  option  for  transportation  across  distances  on  land.  For 
example,  a  500  MW  power  plant  will  on  average  produce  3  metric 
tonnes  (Mt)  of  captured  C02  per  year.  Therefore,  transportation  via 
pipelines  in  such  cases  would  make  economic  sense  [31-33]. 

The  transport  of  C02,  as  a  matter  of  fact,  can  be  analogous  to  the 
transportation  of  other  hydrocarbons.  Pipelines  have  been  in  com¬ 
mercial  applications  for  the  transfer  of  natural  gas,  oil,  water  and 
industrial  substances  among  others  over  land  or  sea  without  much 
complication.  Furthermore,  there  has  also  been  some  experience 
with  industrial  scale  transportation  of  C02  by  pipelines.  In  the  US, 
there  has  been  more  than  2500  km  of  pipelines  with  a  transport 
capacity  of  up  to  40  MtC02  per  year  established  for  the  supply  of 
C02  for  EOR  purposes  [17,34,35].  For  offshore  storage  locations, 
transportation  options  available  include  pipeline  transportation 
and  ocean  tankers.  Liquefied  natural  gas  (LNG)  and  other  petroleum 
gasses  have  already  been  transported  using  ocean  tankers.  There¬ 
fore,  C02  can  also  be  successfully  transferred  through  tankers. 
There  has  also  been  a  limited  number  of  ships  dedicated  for  C02 
transport  used  for  the  shipment  of  liquefied  food  grade  C02  from 
source  points  to  consumer  regions  [17].  Further  details  regard¬ 
ing  the  use  of  transport  ships  for  C02  transfer  can  be  found  in 
[36,37]. 

Transport  of  large  amounts  of  C02  definitely  needs  to  be  well- 
considered  and  planned.  However,  transport  of  C02  should  be  a 
relatively  simple  consideration  in  an  overall  CCS  theme  as  there  are 
already  ample  experiences  from  the  transportation  of  mass  amount 
of  hydrocarbon  over  distances.  Transport  can  be  considered  less 
challenging  relative  to  capture  and  storage  of  C02.  The  Global  CCS 
Institute  report  on  CCS  readiness  rates  the  TRL  for  pipeline  trans¬ 
portation  to  be  at  9,  which  correspond  to  a  technology  which  is 
ready  for  full  scale  commercial  deployment  [38]. 

3.2.3.  Storage 

There  are  a  number  of  potential  storage  options  in  deep  geolog¬ 
ical  formations.  The  leading  options  include  deep  saline  aquifers, 
unminable  coal  seams,  abandoned  oil  and  gas  reservoirs  and  also 
storage  through  enhanced  hydrocarbon  recovery.  Geological  stor¬ 
age  is  accomplished  by  injecting  the  compressed  stream  of  C02  into 
these  geological  formations  which  are  mostly  located  within  sed¬ 
imentary  basins.  The  technology  for  injecting  C02  into  the  ground 
for  storage  is  already  well  established  and  is  reliable  [39,40].  How¬ 
ever,  more  importantly  these  storage  options  should  fulfill  the 
following  key  criteria  for  C02  storage  [39]: 

•  “The  storage  period  should  be  prolonged,  preferably  hundreds  to 
thousands  of  years. 
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Table  1 

Summary  of  TRL  scores  for  CCS  technology  components. 


Component 

TRL 

Capture 

Post-combustion  capture 

2-7 

Pre-combustion  capture 

9 

Oxyfuel  combustion 

5 

Transport 

9 

Storage 

9 

•  The  cost  of  storage,  including  the  cost  of  transportation  from  the 
source  to  the  storage  site,  should  be  minimized. 

•  The  risk  of  accidents  should  be  eliminated. 

•  The  environmental  impact  should  be  minimal. 

•  The  storage  method  should  not  violate  any  national  or  interna¬ 
tional  laws  and  regulations.” 

The  use  of  these  storage  locations  for  long  term  gas  storage  has 
already  been  proven  by  numerous  commercial  experiences  with 
the  injection  of  gasses  into  underground  geological  formations: 

•  Storage  of  natural  gas  for  seasonal  demand  and  delivery  [41  ]. 

•  Injection  of  acid  gas  into  geological  formations  for  storage  [42]. 

•  Enhanced  oil  recovery  (EOR)  with  CO2  [43]. 

These  prior  experiences  which  are  close  or  analogous  to  the  stor¬ 
age  of  C02  provide  confidence  in  the  ability  of  geological  mediums 
to  store  gas  over  extended  periods  of  time.  Therefore,  the  identifica¬ 
tion  and  verification  of  suitable  storage  sites  nearest  to  the  emission 
sources  are  important  steps  in  the  deployment  of  CCS  initiatives. 

3.1.4.  CCS  as  an  integrated  system 

The  experience  with  CCS  as  a  fully  integrated  system  for  C02 
mitigation  at  this  stage  is  still  rather  limited.  Other  than  a  few 
large  scale  demonstration  projects,  large  scale  CCS  has  yet  to  be 
deployed  on  a  commercial  basis.  Therefore,  CCS  as  a  complete  sys¬ 
tem  has  yet  to  fulfill  TRL  level  9  (as  per  the  U.S.  DOE  TRL  definition); 
where  the  actual  system  has  yet  to  be  operated  over  the  full  range 
of  excepted  conditions  on  a  commercial  basis.  The  overall  com¬ 
ponents  that  make  up  the  overall  CCS  technology  are  presently  in 
various  stages  of  TRL  as  summarized  from  the  literatures  in  Table  1 . 

Therefore  the  ongoing  and  planned  large  scale  demonstration  of 
CCS  systems  constitutes  an  important  step  as  it  would  help  to  estab¬ 
lish  the  technical  readiness  of  the  CCS  concept  and  is  a  much  needed 
learning  phase  prior  to  the  commercial  roll  out  of  CCS.  Without 
success  from  these  pioneer  projects,  it  would  be  risky  and  almost 
impossible  to  roll  out  commercial  CCS  initiatives. 

3.2.  Delivered  services 

The  main  benefit  from  the  deployment  of  CCS  is  the  ability  to 
prevent  the  release  of  up  to  90%  of  C02  emissions  into  the  atmo¬ 
sphere.  Unlike  renewable  energy,  the  use  of  CCS  does  not  eliminate 
the  formation  of  C02  but  rather  prevents  it  from  getting  into  the 
atmosphere.  Nonetheless,  the  use  of  the  technology  might  provide 
the  opportunity  to  achieve  a  C02  emission  scenario  of  between  10 
and  20%  from  the  business  as  usual  scenario  (conventional  fossil 
power  plant  without  CCS).  There  has  been  an  increasing  opinion 
that  contribution  from  CCS  together  with  other  mitigation  efforts 
would  be  required  in  order  to  prevent  the  catastrophic  damages  of 
climate  change  [5,17,44].  It  is  also  envisioned  that  the  cost  of  miti¬ 
gation  will  be  lower  with  the  inclusion  of  CCS.  The  Stern  report  [5] 
has  estimated  the  impact  of  climate  change  might  cost  5-20%  of  the 
world  GDP  whereas  the  actions  needed  for  mitigation  might  just  be 
about  1%  of  the  world  GDP  if  technologies  like  CCS  are  included. 


As  CCS  is  integrated  into  existing  power  plant  technologies,  the 
electricity  generation  and  distribution  infrastructure,  for  the  most 
part,  will  remain  unchanged.  Power  plants  and  other  large  utility 
infrastructure  had  taken  a  substantial  number  of  years  to  be  devel¬ 
oped  and  constructed  with  a  planned  long  service  life.  CCS  provides 
the  opportunity  for  the  continued  usage  of  these  facilities  without 
radical  changes  thus  allowing  a  more  gradual  transition  towards 
future  sustainable  renewable  energy  systems.  Existing  sites  and 
in  some  cases  existing  power  plants  can  be  retrofitted  with  CCS, 
allowing  emission  reduction  from  the  current  fleet  of  generation 
plants.  This  will  enable  an  almost  immediate  action  on  cutting  car¬ 
bon  emissions.  The  knowledge  and  experience  build  up  from  the 
years  of  experience  in  operating  fossil  based  power  plants  would 
also  still  be  applicable  for  the  case  of  introducing  CCS.  Expertise  and 
skilled  professionals  would  require  time  to  be  nurtured.  CCS  pro¬ 
vides  the  opportunity  for  the  continued  operations  of  these  power 
plants  while  building  up  the  next  generations  of  renewable  based 
power  supply. 

The  introduction  of  CCS  also  provides  an  opportunity  for  the 
continued  usage  of  coal  and  other  fossil  based  fuels  for  energy  in  a 
carbon  constrained  world.  Coal  and  other  fossil  fuels  have  been  the 
main  source  of  energy  for  centuries  but  the  carbon  emissions  from 
fossil  fuel  energy  have  now  become  a  major  concern.  CCS  provides  a 
possible  path  towards  minimizing  the  emissions  from  the  combus¬ 
tion  these  reliable  energy  sources.  The  world  has  historically  had 
been  dependent  on  fossil  fuel  for  energy,  with  much  innovation  and 
development  already  achieved  in  the  field.  Much  has  been  invested 
in  the  infrastructure  that  will  enable  the  extraction;  transport  and 
conversion  of  fossil  fuel  into  energy  supply  such  as  electricity.  CCS 
could  potentially  allow  the  continued  usage  of  these  infrastructures 
while  awaiting  the  availability  of  more  sustainable  energy  source 
such  as  renewable  based  energy.  The  availability  of  CCS  also  facil¬ 
itates  the  transition  pace  into  sustainable  energy  sources.  Proper 
planning  and  organization  can  be  done.  The  fossil  fuel  energy  infras¬ 
tructure  took  centuries  to  be  developed  and  construct.  Therefore, 
it  would  not  be  realistic  to  expect  non-fossil  based  energy  sources 
to  be  available  within  a  matter  of  years.  From  an  energy  security 
perspective,  CCS  enables  the  inclusion  of  fossil  fuel  into  the  gener¬ 
ation  mix  in  a  carbon  constrained  environment.  There  is  an  option 
to  make  use  of  the  different  types  of  fossil  fuels  for  energy  even 
though  there  is  a  cap  on  emissions. 

At  the  moment,  there  might  not  be  many  industrial  applica¬ 
tions  for  C02.  For  the  petroleum  exploration,  a  huge  quantity  of 
C02  is  used  for  EOR  purposes.  However,  it  is  unlikely  that  EOR 
itself  would  be  able  to  consume  all  the  C02  captured  for  climate 
change  mitigation  purposes.  Continued  technology  development 
and  advancement  could  potentially  yield  further  useful  application 
for  C02.  Therefore,  the  CCS  stored  C02  might  become  useful  in  the 
future  when  new  forms  of  applications  are  established. 

3.3.  Cost— now  and  potential  future  cost 

The  cost  of  CCS  has  been  a  notable  topic  of  interest  as  it  remains 
one  of  the  major  barriers  that  need  to  be  addressed  in  order  to  fully 
deploy  the  technology.  There  have  been  a  number  of  prior  studies 
undertaken  to  estimate  the  potential  cost  range  of  CCS  power  plants 
and  the  cost  per  ton  of  C02  captured  from  power  plants.  However, 
it  is  noted  that  CCS  cost  studies  are  implemented  with  a  host  of  dif¬ 
ferent  cost  assumptions  that  will  dramatically  affect  the  outcomes 
[45].  There  are  a  number  of  factors  that  affect  the  cost  of  CCS  (e.g. 
see  [46]). 

Moreover,  different  power  plant  technologies  have  distinct 
capture  requirements  and  therefore,  there  is  a  quite  dissimilar  esti¬ 
mated  cost  figure  for  different  power  plant  technologies  with  CCS. 
Even  the  different  types  of  fuel  sources  have  an  impact  on  CCS  cost 
estimates.  It  has  also  been  featured  that  the  effects  on  projected 
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Table  2 

Prior  studies  capture  cost  estimates  (cost  in  USD/ton  CO2). 


Source 

Initial  cost 

Future  cost 

Davids  and  Herzog  [50] 

Coal 

35.1 

26.7 

IGCC 

21.5 

15.8 

Natural  gas 

42.6 

36.9 

Rubin  et  al.  [19] 

Coal 

29-44 

IGCC 

11-32 

Natural  gas 

28-57 

Davison  [51  ] 

Coal 

30-33 

IGCC 

20-33 

Natural  gas 

28-57 

Rubin  et  al.  [45] 

Coal 

29-51 

IGCC 

13-37 

Natural  gas 

37-74 

McKinsey  [48] 

Coal/gas 

33.75-43.2 

24.3-33.75 

cost  of  CCS  due  to  differing  fuel  prices  and  quality,  plant  utilization 
rates  and  size,  financing  and  other  operating  assumptions  [45]. 

Transportation  and  storage  cost  is  also  an  important  component 
of  the  overall  total  CCS  cost.  There  had  been  tendencies  by  prior 
studies  to  focus  more  exclusively  on  C02  capture  costs  and  do  not 
include  the  costs  of  transport  and  storage  [45].  This  is  in  line  with 
the  fact  that  the  majority  of  the  overall  CCS  cost  is  related  to  the 
capture  of  C02  [47].  Despite  that,  the  cost  for  transport  and  stor¬ 
age  must  still  be  considered  and  address  for  the  implementation  of 
CCS.  The  distance  between  points  of  capture  and  storage,  the  geo¬ 
graphical  terrain  involved,  and  the  mode  of  transport  selected  has 
an  impact  on  the  cost  involved  [32,48,49].  For  specific  cases  such  as 
storage  through  EOR,  the  additional  income  from  EOR  might  even 
help  to  further  reduce  the  cost  of  CCS.  Actual  cost  for  transporta¬ 
tion  and  storage  would  therefore  differ  depending  on  the  actual 
situation. 

It  is  difficult  to  have  a  definite  figure  on  the  cost  for  CCS  imple¬ 
mentation.  Nevertheless,  the  estimated  range  of  cost  of  capture  per 
ton  of  C02  still  provides  a  guide  on  the  probable  magnitude  of  the 
cost.  A  range  of  estimated  costs  of  prior  studies  on  C02  capture, 
transport  and  storage  are  illustrated  in  Tables  2  and  3. 

There  had  also  been  optimistic  views  that  the  cost  for  CCS  would 
subsequently  be  reduced  in  the  future  due  to  improved  technology 
and  process  performance.  It  is  a  formidable  challenge  to  accurately 
predict  these  potential  cost  reductions.  However,  some  technolo¬ 
gies  analogous  to  CCS  can  provide  guidance  on  the  possibility  for 
cheaper  CCS  technology.  Historically,  emission  control  system  costs 
tend  to  reduce  with  the  increased  deployment  of  the  technology 
and  improvement  of  its  performance.  A  technology  concept  close  to 
the  capture  of  C02  is  the  flue  gas  desulphurization  technology  (FGD) 
which  was  introduced  into  service  at  commercial  coal  power  plants 
in  the  late  1960s  for  the  control  of  S02,  the  cause  of  acid  rain  in  the 
United  States.  In  the  initial  stage  of  the  introduction,  it  was  also 
marred  with  the  issue  of  high  costs.  However,  a  clear  trend  in  the 
reduction  of  capital  cost  of  FGD  units  was  subsequently  observed 


Table  4 

Summary  of  CO2  storage  capacity  estimates  for  deep  saline  formations,  EOR,  and 
ECBM. 


Formation 

Worldwide  storage  (Gt  CO2) 

Deep  saline  aquifers 

103  to  104 

EOR  and  depleted  oil  and  gas  fields 

103 

ECBM 

101  to  102 

Source:  Adapted  from  Ref.  [58]. 


with  further  increase  in  the  capacity  installed  and  improvement  in 
process  efficiency  (see  [52]). 

Scores  of  new  product  and  innovation  costs  have  decreased 
over  time  due  to  increased  experience  with  production.  There  have 
been  a  number  of  studies  detailing  the  impact  of  technology  learn¬ 
ing  on  technology  cost.  McDonald  and  Schrattenholzer  had  also 
identified  the  usefulness  of  learning  rates  (or  learning  rate  distri¬ 
butions)  of  energy  conversion  technologies  for  energy  models  [53]. 
Specifically,  for  CCS  technology,  Rubin  and  colleagues  made  use  of 
experience  curves  to  estimate  the  future  cost  of  CCS  [47,54]. 

3.4.  Potential  scale  of  abatement 

The  potential  scale  of  abatement  is  highly  dependent  on  the 
capability  of  the  technology  and  the  availability  of  quality  storage 
capacity.  The  previous  section  already  covered  the  technical  readi¬ 
ness  and  potential  of  the  technology;  therefore,  the  other  limiting 
factor  for  the  scale  of  abatement  would  be  the  available  storage 
capacity.  There  have  been  a  number  of  studies  into  the  potential 
storage  on  a  global,  regional  and  even  national  basis.  The  IPCC  SRCCS 
[17]  and  IEA  [55]  have  noted  that  although  a  definitive  figure  on 
the  total  worldwide  storage  capacity  might  not  be  agreed  upon; 
there  is  general  consensus  that  there  is  more  than  enough  storage 
space  for  C02  mitigation  purposes.  Table  4  provides  an  overview 
on  the  potential  storage  capacity  available  for  CCS.  Even  based  on 
the  most  conservative  estimate,  there  are  still  large  enough  storage 
capacities  for  the  purpose  of  climate  change  mitigation. 

From  a  capacity  perspective,  deep  saline  aquifers  offer  the  most 
geological  storage  capacity.  Storage  through  EOR  and  also  other 
depleted  or  uneconomical  oil  fields  are  also  in  abundance  and  con¬ 
stitute  as  an  attractive  options  to  be  explored  in  view  of  the  positive 
economic  offset  of  cost  from  the  enhanced  extraction  of  petroleum. 
So  far,  a  number  of  demonstrations  and  commercial  projects  for  C02 
geological  storage  around  the  world  has  been  established  success¬ 
fully;  further  details  are  available  from  [56].  The  experience  gained 
from  these  early  projects  on  C02  storage  include  those  in  Sleipner, 
Salah  and  Weyburn  have  helped  to  increase  the  knowledge  and 
understanding  of  the  science  for  long  term  storage  of  C02  in  geo¬ 
logical  mediums.  With  early  success  and  commercial  experience 
for  C02  the  storage  is  thus  rated  at  9  for  technology  readiness  [57]. 

3.5.  Potential  speed  of  deployment 

Due  to  the  differing  views  on  the  technical  readiness,  the  cost 
of  technology  and  the  lack  of  clear  policy  guidelines  and  pricing  on 
carbon  emissions,  there  is  also  an  unclear  estimate  on  the  time- 


Table  3 

Prior  studies  transport  and  storage  cost  estimates  (cost  in  USD/ton  CO2). 


Source 

Transport 

Storage 

Total 

Initial 

Future 

Initial 

Future 

Initial 

Future 

Rubin  et  al.  [19] 

3.2 

5 

8.2 

Considering  EOR 

3.2 

-5 

-1.8 

Rubin  et  al.  [45] 

3.1 

5 

8.1 

Considering  EOR 

3.1 

-10 

-6.9 

McKinsey  [48] 

5.4-8. 1 

2.7-5.4 

5.4-16.2 

2.7-13.5 

10.8-24.3 

5.4-18.9 
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Table  5 

Potential  year  for  CCS  commercialization. 


Study 

Estimated  year  for  commercialization 

UK  DERR  [59] 

2020 

The  North  Sea  Basin  Task  Force  [60] 

2020a/2030b 

NETL/USDOE  [61] 

2020 

IEA  [62] 

2020 

McKinsey  &  Co.  [48] 

2020a/2030b 

a  Early  commercialization. 
b  Mature  commercialization. 


lines  for  the  deployment  of  CCS  technologies.  However,  it  is  widely 
believed  (refer  to  Table  5)  that  CCS  would  be  ready  for  commercial 
deployment  by  2020. 

As  of  today,  there  are  still  no  commercial  CCS  power  plants 
in  operation  yet.  Although,  major  parts  of  the  technology  compo¬ 
nents  (capture,  transport  and  storage)  have  already  been  utilized  in 
industrial  settings,  the  integration  of  the  components  of  technology 
and  scaling  up  the  capacity  to  handle  the  large  volume  of  emis¬ 
sions  from  commercial  power  plants  would  be  a  challenge.  Large 
scale  demonstration  projects  have  already  begun  and  the  speed 
of  deployment  of  CCS  will  depend  on  the  outcome  of  these  pio¬ 
neer  projects.  There  had  been  a  big  push  for  these  demonstration 
projects  to  be  initiated  as  these  projects  provide  an  opportunity  for 
experience  and  learning  on  the  implementation  process.  Knowl¬ 
edge  gained  is  then  utilized  for  further  commercial  roll  out  of 
the  technology.  A  favorable  speed  of  deployment  increases  the 
attractiveness  of  CCS  as  a  mitigation  technology,  particularly  in 
the  scenario  where  CCS  is  positioned  as  a  medium  term  mitigation 
technology  while  awaiting  the  development  of  a  more  sustainable 
and  cleaner  energy  system. 

3.6.  Other  possible  social  outcomes 

The  deployment  of  CCS  does  also  impact  other  social  outcomes. 
The  high  cost  of  CCS  would  translate  into  a  higher  electricity  cost 
for  electricity  producers  and  ultimately  consumers  as  well.  Energy, 
especially  electricity  has  become  an  essential  part  of  society  today 
and  the  access  to  affordable  and  reliable  electricity  supply  consti¬ 
tutes  a  basic  right  for  all  [63,64].  The  high  cost  of  CCS  might  increase 
the  cost  of  electricity  which  might  lead  to  a  higher  electricity  tar¬ 
iff  for  consumers.  If  viewed  from  a  different  perspective,  the  rise 
in  electricity  prices  might  be  a  positive  move  towards  encouraging 
better  energy  efficiency  [64]  but  again  the  increase  should  be  kept 
in  check  to  ensure  it  does  not  become  an  economic  burden  to  lower 
income  consumers. 

The  risks  of  local  residents’  resistance  towards  CCS  projects  are 
another  possible  scenario  to  be  considered.  Public  opposition  to 
project  siting  has  been  a  major  concern  for  the  deployment  of 
climate  change  mitigation  technologies  (see  [65-67]).  Lack  of  infor¬ 
mation,  misconception  and  fear  of  the  unknown  are  just  some  of 
the  potential  factors  that  will  alienate  public  support  for  these  large 
scale  projects. 

4.  The  case  for  CCS  in  Malaysia 

4.1.  Technical  status 

Malaysia  currently  has  limited  capabilities  in  researching  and 
developing  cost  effective  C02  separation  technologies.  There  have 
been  a  limited  number  of  reviews  on  the  potential  and  technical 
feasibility  for  CCS  in  Malaysia  (e.g.  see  [68,69]).  There  has  been  no 
large  scale  funded  research  initiative  for  CCS  in  Malaysia  and  it  is 
likely  that  the  capture  technology  as  with  most  climate  change  mit¬ 
igation  technologies  would  have  been  developed  by  industrialized 
nations  [70]. 


Gibbins  and  Chalmers  has  also  suggested  in  their  models  that  the 
roll  out  of  CCS  would  first  take  place  in  developed  nations  and  then 
followed  by  the  developing  nations  [71  ].  It  would  be  pragmatically 
easier  for  the  deployment  of  CCS  in  Malaysia  if  the  technology  has 
already  reached  a  certain  level  of  maturity  and  there  are  already 
sufficient  experiences  with  a  wide  scale  roll  out.  Currently,  for 
power  plants,  there  has  not  been  any  established  local  provider 
of  the  technology  and  there  has  been  a  tendency  for  Malaysian 
companies  to  form  ventures  with  technology  providers  from  the 
industrialized  nations.  It  is  envisioned  that  the  same  approach 
might  be  adopted  for  the  deployment  of  CCS  in  Malaysia  as  local 
firms  has  the  potential  to  gain  sustainable  competitive  advantages 
through  such  ventures  [72].  As  an  example,  there  has  been  a  major 
capture  and  separation  C02  facility  in  service  for  urea  production  in 
Malaysia  [73]  which  was  set  up  successfully  with  the  participation 
of  the  Japanese  technology  provider. 

In  terms  of  transportation  for  C02,  Malaysia  could  benefit  from 
its  well  established  oil  and  gas  industry.  As  the  challenge  from  the 
transportation  of  C02  would  likely  be  similar  to  that  of  the  trans¬ 
fer  of  other  hydro  carbon  gasses,  Malaysia  would  be  well  prepared 
to  support  this  undertaking.  There  has  already  been  the  layout  of 
1700  km  of  pipelines  for  the  purpose  of  natural  gas  transmission 
in  peninsular  Malaysia  [74],  even  though  there  has  not  been  any 
pipeline  specific  for  C02  transfer.  Expertise  in  these  fields  could 
also  support  the  development  of  C02  transportation  pipelines  in 
the  future. 

Although  there  has  not  been  any  specific  geological  storage  for 
C02  in  Malaysia,  there  have  been  a  number  of  proposals  for  it.  A 
notable  proposal  is  the  CDM  project  application  (under  UNFCC- 
NM0168)  for  a  mitigation  project  in  Bintulu,  Malaysia  for  the 
capture  of  C02  and  H2S  from  a  natural  gas  processing  facility  for 
storage  in  deep  saline  aquifers  [75].  There  were  also  numerous 
plans  for  the  introduction  of  EOR  for  Malaysian  oil  fields  [76]. 

There  have  also  been  limited  studies  on  the  availability  of  geo¬ 
logical  storage  for  Malaysia  [77].  Hence,  a  more  detailed  study  on 
the  actual  potential  capacity  for  geological  storage  in  Malaysia  and 
its  surrounding  issues  would  be  a  key  priority  in  any  serious  con¬ 
sideration  for  the  deployment  of  CCS. 

4.2.  Delivered  services 

The  main  advantage  of  CCS  for  Malaysia  is  the  capability  to 
address  the  C02  emissions  from  its  fossil  fuel  based  power  plants. 
As  of  2007,  up  to  90%  of  Malaysia’s  electricity  generations  still  origi¬ 
nate  from  the  combustion  of  fossil  fuel  [8].  Coal  provides  30%  of  the 
generation  capacity  and  there  are  plans  to  increase  this  figure.  CCS 
is  the  most  suitable  technology  to  be  deployed  with  conventional 
thermal  power  plants  for  C02  emission  reductions.  There  had  been 
efforts  to  increase  the  contribution  from  renewable  energy  in  the 
generation  mix,  but  if  a  percentage  of  fossil  fuel  power  plants  are 
to  be  maintained  for  energy  security  and  diversification  purpose, 
CCS  would  be  an  attractive  option  to  be  considered.  Therefore,  the 
use  of  CCS  would  be  a  good  choice  for  reducing  emissions  while 
awaiting  a  cleaner,  reliable  and  sustainable  energy  alternative  to 
fossil  fuels. 

4.3.  Cost— now  and  potential  future  cost 

The  initial  deployment  cost  of  CCS  technology  in  Malaysia  would 
be  high  and  comparable  to  implementation  elsewhere.  The  imple¬ 
mentation  cost  would  be  lower  if; 

•  CCS  has  already  been  widely  deployed  in  industrialized  countries 
and  certain  maturity  in  the  technology  has  been  achieved. 

•  For  the  initial  implementation,  certain  funding  is  received  (e.g. 
CDM)  [78]. 
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Fig.  2.  Distribution  of  Malaysia’s  sedimentary  basins  [79]. 


Prior  experiences  elsewhere  of  wide  scale  deployment  of  the 
technology  would  be  beneficial  for  further  deployment.  There¬ 
fore,  if  the  technology  was  to  be  implemented  at  a  later  stage  in 
Malaysia,  lower  cost  would  be  expected  relative  to  the  first-of- 
its-kind  implementation  project  cost.  However,  there  tends  to  be 
financial  assistance  available  for  pioneering  project  implementa¬ 
tion.  Financial  benefits  in  the  form  of  financial  assistance,  subsidy 
and  tax  rebates  are  just  some  examples  of  possible  policy  instru¬ 
ments  that  would  help  to  offset  the  high  implementation  cost. 

At  the  moment,  Malaysia  as  a  developing  nation  still  enjoys  the 
benefit  of  participating  and  gaining  from  the  Clean  Development 
Mechanism  (CDM)  incentive.  However,  this  status  might  change  in 
the  near  future  if  Malaysia  achieves  its  aims  of  becoming  a  devel¬ 
oped  nation  by  2020. 

4.4.  Potential  scale  of  abatement 

The  scale  of  abatement  would  depend  highly  upon  the  avail¬ 
able  storage  capacity  for  captured  C02  from  large  point  sources. 
Prior  studies  on  the  potential  storage  capacity  list  the  possibility  of 
storage  in  deep  saline  aquifers  in  the  Malay  Basin  off  the  coast  of 
peninsular  Malaysia  [77].  However,  a  more  comprehensive  study 
would  be  required  to  verify  the  capacity  attainable  and  also  to  con¬ 
sider  other  forms  of  geological  storage  available,  including  EOR. 

Majority  of  the  existing  power  plants  in  Malaysia  with  high 
emission  rates  of  C02  are  located  in  the  west  coast  of  Peninsular 
Malaysia.  There  would  be  a  possibility  that  these  and  future  power 
plant  emissions  could  be  piped  over  for  storage  within  suitable  geo¬ 
logic  formations  in  the  Malay  basin.  Penyu  basin  could  also  offer 
additional  storage  potential  for  the  power  plants  in  the  peninsular 
while  the  power  plants  located  in  the  state  of  Sabah  and  Sarawak 
could  make  good  use  of  their  respective  offshore  sedimentary 
basins  which  are  suitable  for  geologic  storage  of  C02.  Fig.  2  illus¬ 
trates  the  location  of  major  sedimentary  basins  around  Malaysia. 

4.5.  Potential  speed  of  deployment 

The  speed  of  deployment  would  likely  be  in  line  with  the  speed 
of  deployment  elsewhere.  Numerous  factors  would  affect  the  speed 
of  deployment,  including  motivations  and  regulations  require¬ 
ments.  Malaysia  would  be  able  to  deploy  first  if  some  form  of  finan¬ 
cial  incentive  (via  mechanisms  like  CDM  or  equivalent)  and  tech¬ 
nical  assistance  are  available.  There  is  also  the  likelihood  that  once 
Malaysia  signs  up  to  a  legally  binding  emissions  target,  there  would 
be  a  bigger  demand  for  the  deployment  of  CCS.  Nevertheless,  this 
would  still  depend  on  the  technical  readiness  and  maturity  of  the 
technology  from  the  demonstration  and  deployment  elsewhere. 


4.6.  Other  possible  social  outcomes 

The  introduction  of  CCS  would  most  likely  increase  the  cost  of 
electricity  for  the  producers.  There  has  been  a  tendency  for  the  util¬ 
ities  to  pass  on  the  cost  increase  to  consumers,  but  utilities  tariffs 
are  regulated  by  the  government  in  Malaysia.  Therefore,  it  would 
still  be  within  the  purview  of  the  legislator  to  decide  if  the  full  cost 
increase  should  be  passed  on  to  the  consumers.  A  higher  utility  pric¬ 
ing  would  help  to  cultivate  energy  efficiency  practices  but  the  needs 
of  the  lower  income  consumers  should  also  be  considered.  The 
industries  with  high  electricity  intensity  in  their  operations  would 
also  be  affected  by  higher  electricity  pricing.  A  higher  electricity 
cost  might  deter  investment  from  investors  of  energy  intensive 
activities  (e.g.  aluminum  smelting,  pulp  and  paper,  chemical  pro¬ 
cessing). 


5.  Discussion 

Malaysia  is  a  rapidly  developing  nation  within  a  growing  indus¬ 
trial  setting.  The  energy  needs  have  been  projected  to  increase 
although  there  are  also  efforts  to  reduce  the  nation’s  energy  inten¬ 
sity  through  the  country’s  Economic  Transformation  Plan  (ETP). 
Throughout  its  journey  towards  modernization  and  industrial¬ 
ization,  the  country  has  continuously  enjoyed  a  stable,  reliable 
electricity  supply  at  relatively  low  prices.  The  threat  of  climate 
change  would  bring  change  upon  this  scenario.  The  support  and 
participation  towards  GHG  emission  reductions  would  be  required 
from  all  nations.  Malaysia  is  fast  becoming  an  industrialized  nation 
and  therefore,  has  a  greater  role  in  the  fight  against  climate  change. 
CCS  in  its  current  form  is  expensive  and  in  the  future  after  consider¬ 
ing  all  the  possible  cost  improvement  would  still  be  more  expensive 
than  the  current  conventional  fossil  fuel  based  energy.  This  is  a  hard 
fact  which  is  difficult  to  be  accepted  by  many.  The  legislator,  the 
industries  and  the  general  public  must  be  prepared  to  adapt  to  a 
costlier  energy  scenario  if  there  is  to  be  any  real  progress  towards 
climate  change  mitigation. 

When  Malaysia  commits  towards  emission  targets  as  per  the 
current  developed  nations  in  the  Kyoto  Protocol,  policy  makers 
would  be  called  upon  to  enact  and  roll  out  a  national  carbon 
emissions  mitigation  plan.  The  plan  may  include  measures  that 
would  reduce  the  emissions  from  the  electricity  sector.  There  are 
a  number  of  options  available  for  the  reduction  of  C02  emissions 
while  supporting  the  demand  for  electricity  to  power  the  nation’s 
growing  economy.  CCS  would  be  an  attractive  technology  that 
can  complement  current  existing  and  planned  emission  reduction 
measures.  However,  the  concern  on  the  technical  reliability  and 
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safety,  implementation  cost  and  availability  of  quality  storage 
capacity  must  first  be  addressed. 

On  the  surface,  efforts  to  mitigate  climate  change  including 
CCS  might  look  expensive.  Nonetheless,  with  the  onset  of  climate 
change,  much  more  mitigation  efforts  are  required  in  order  to  help 
avoid  costly  future  devastation  [5,80]. 

6.  Conclusion 

In  this  paper,  we  have  investigated  the  feasibility  of  CCS  as  a 
carbon  emissions  mitigation  technology  for  Malaysia.  From  our 
assessment  framework,  it  was  shown  that  the  practicality  of  CCS 
for  Malaysia  will  depend  on  a  few  key  criteria,  namely  the  climate 
change  policies  on  the  international  and  local  front,  the  maturity  of 
the  technology,  the  economic  competitiveness  of  the  technology, 
the  speed  in  which  the  technology  can  become  available  and  also 
the  availability  of  quality  storage  capacity.  It  has  been  noted  that 
there  must  be  appropriate  climate  policies  to  govern  and  motivate 
the  control  of  GHG  emissions  (see  [81-83]).  In  this  initial  assess¬ 
ment,  it  was  determined  that  certain  variants  of  CCS  capture  have 
a  lot  of  potential  for  wide  scale  deployment  and  the  large  scale 
demonstration  projects  would  provide  much  needed  certainty  on 
the  maturity  of  the  technology.  Cost  wise,  CCS  technology  is  still 
more  costly  if  compared  to  current  electricity  generation  practices, 
which  freely  emit  carbon  dioxide  into  the  atmosphere.  Then  again, 
the  cost  of  CCS  remains  comparable  to  other  available  GHG  mitiga¬ 
tion  technologies  currently  available  [84].  The  availability  of  quality 
storage  capacity  would  be  a  limiting  factor  for  the  mitigation  of  C02 
emissions  through  CCS,  although  some  studies  believe  that  there  is 
an  excess  of  geologic  storage  capacity  for  mitigation  purposes  [85]. 

The  answer  to  the  question  of  climate  change  prevention  does 
not  lie  in  any  single  technology  or  approach.  There  appears  to  be  a 
strong  case  for  CCS  to  contribute  towards  a  portfolio  of  options 
for  climate  change  mitigation.  However,  other  pressing  factors, 
including  the  need  for  a  reliable  and  dependable  energy  supply 
and  security  must  also  be  addressed  when  seeking  an  amicable 
solution  towards  the  challenge.  CCS  provides  the  benefit  of  contin¬ 
ued  exploitation  of  fossil  energy  source  while  providing  a  solution 
towards  containing  carbon  emissions.  It  can  be  considered  as  an 
insurance  policy  towards  the  risk  of  climate  change  and  serves  as 
a  bridge  towards  sustainable  energy  sources  of  the  future. 

Thus,  CCS  has  the  potential  to  become  an  important  C02 
emission  mitigation  technology  in  Malaysia,  particularly  if  the  tech¬ 
nology  is  matured  for  deployment,  the  cost  is  competitive  and  there 
is  available  storage  capacity. 

References 

[1  ]  Gore  A.  Al  Gore  -  Nobel  Lecture;  2007. 

[2]  Karl  TR,  Trenberth  KE.  Modern  global  climate  change.  Science  2003;302:1719. 

[3]  Pacala  S,  Socolow  R.  Stabilization  wedges:  solving  the  climate  problem  for  the 
next  50  years  with  current  technologies.  Science  2004;305:968. 

[4]  Hoffert  MI,  Caldeira  K,  Benford  G,  Criswell  DR,  Green  C,  Herzog  H,  et  al. 
Advanced  technology  paths  to  global  climate  stability:  energy  for  a  greenhouse 
planet.  Science  2002;298:981-7. 

[5]  Stern  N.  The  economics  of  climate  change:  the  Stern  review.  Cambridge,  United 
Kingdom:  Cambridge  University  Press;  2007. 

[6]  Bosetti  V,  Carraro  C,  Duval  R,  Sgobbi  A,  Tavoni  M.  The  role  of  R&D  and  technol¬ 
ogy  diffusion  in  climate  change  mitigation:  new  perspectives  using  the  WITCH 
model.  OECD  2009. 

[7]  Newell  RG.  International  climate  technology  strategies.  Harvard  Project  on 
International  Climate  Agreements.  Discussion  paper;  2008. 

[8]  PusatTenaga  Malaysia  (PTM).  National  energy  balance  2007;  2007. 

[9]  Coates  JF.  Technology  assessment— a  tool  kit.  Chemtech  1976;6:372-83. 

[10]  Coates  JF.  The  role  of  formal  models  in  technology  assessment.  Technological 
Forecasting  and  Social  Change  1976;9:139-90. 

[11]  Van  Den  Ende  J,  Mulder  K,  Knot  M,  Moors  E,  Vergragt  P.  Traditional  and  modern 
technology  assessment:  toward  a  toolkit.  Technological  Forecasting  and  Social 
Change  1998;58:5-21. 

[12]  Porter  AL,  Rossini  FA,  Carpenter  SR,  Roper  AT.  A  guidebook  for  technology 
assessment  and  impact  analysis.  New  York:  North-Holland;  1980. 


[13]  Tran  TA,  Daim  T.  A  taxonomic  review  of  methods  and  tools  applied 
in  technology  assessment.  Technological  Forecasting  and  Social  Change 
2008;75:1396-405. 

[14]  MacGill  I,  Outhred  H,  Passey  R.  The  Australian  electricity  industry  and  cli¬ 
mate  change:  what  role  for  geosequestration.  Electricity  Restructuring  Group, 
UNSW.  Sydney  draft  discussion  paper;  2003.  p.  503. 

[15]  MacGill  I,  Passey  R,  Daly  T.  The  limited  role  for  carbon  capture  and  storage  (CCS) 
technologies  in  a  sustainable  Australian  energy  future.  International  Journal  of 
Environmental  Studies  2006;63:751-63. 

[16]  MacGill  I.  Assessing  Australia’s  sustainable  energy  technology  options:  key 
issues,  uncertainties,  priorities  and  potential  choices.  Asia  Pacific  Journal  of 
Environmental  Law  2008;11:85-100. 

[17]  Metz  B,  Davidson  O,  de  Coninck  HC,  Loos  M,  Meyer  LA.  IPCC  special  report 
on  carbon  dioxide  capture  and  storage:  prepared  by  Working  Group  III  of  the 
Intergovernmental  Panel  on  Climate  Change.  Cambridge:  Cambridge  University 
Press;  2005. 

[18]  Korbol  R,  Kaddour  A.  Sleipner  vest  CO2  disposal— injection  of  removed  CO2 
into  the  utsira  formation.  Energy  Conversion  and  Management  1995;36: 
509-12. 

[19]  Rubin  ES,  Rao  AB,  Chen  C.  Comparative  assessments  of  fossil  fuel  power  plants 
with  CO2  capture  and  storage.  In:  Proceedings  of  7th  international  conference 
on  greenhouse  gas  control  technologies  (GHGT-7).  2004. 

[20]  Figueroa  JD,  Fout  T,  Plasynski  S,  Mcllvried  H,  Srivastava  RD.  Advances  in  CO2 
capture  technology— The  U.S.  Department  of  Energy’s  Carbon  Sequestration 
Program.  International  Journal  of  Greenhouse  Gas  Control  2008;2:9-20. 

[21]  Ma’mun  S,  Svendsen  HF,  Hoff  KA,  Juliussen  O.  Selection  of  new  absorbents 
for  carbon  dioxide  capture.  Energy  Conversion  and  Management  2007 ;48: 
251-8. 

[22]  Abu-Zahra  MRM,  Schneiders  LHJ,  Niederer  JPM,  Feron  PHM,  Versteeg  GF.  CO2 
capture  from  power  plants.  Part  I.  A  parametric  study  of  the  technical  perfor¬ 
mance  based  on  monoethanolamine.  International  Journal  of  Greenhouse  Gas 
Control  2007;1:37-46. 

[23]  Idem  R,  Wilson  M,  Tontiwachwuthikul  P,  Chakma  A,  Veawab  A,  Aroonwilas  A, 
et  al.  Pilot  plant  studies  of  the  CO2  capture  performance  of  aqueous  MEA  and 
mixed  MEA/MDEA  solvents  at  the  University  of  Regina  CO2  Capture  Technology 
Development  Plant  and  the  Boundary  Dam  CO2  Capture  Demonstration  Plant. 
Industrial  &  Engineering  Chemistry  Research  2005;45:2414-20. 

[24]  Chevallier  J.  Carbon  capture  and  storage  (CCS)  technologies  and  economic 
investment  opportunities  in  the  UK.  Global  Business  and  Economics  Review 
2010;12:252-65. 

[25]  Florin  N,  Fennell  P.  Carbon  capture  technology:  future  fossil  fuel  use  and  miti¬ 
gating  climate  change.  London:  Grantham  Institute  for  Climate  Change  Briefing, 
Imperial  College  London;  2010. 

[26]  International  Energy  Agency.  World  energy  outlook  2004.  Paris:  International 
Energy  Agency;  2004. 

[27]  Courtright  HAH.  C02  capture  and  storage.  Sacremento:  Electric  Power  Research 
Institute;  2010. 

[28]  Offen  G.  C02  capture— technology  overview.  Sacremento:  California  Carbon 
Capture  and  Storage  Review  Panel,  Electric  Power  Research  Institute;  2010. 

[29]  Jody  BJ,  Daniels  EJ,  Wolsky  AM.  Integrating  02  production  with  power  systems 
to  capture  C02.  Energy  Conversion  and  Management  1997;38: SI 35-40. 

[30]  Bolland  O,  Mathieu  P.  Comparison  of  two  C02  removal  options  in  combined 
cycle  power  plants.  Energy  Conversion  and  Management  1998;39:1653-64. 

[31]  Skovholt  O.  C02  transportation  system.  Energy  Conversion  and  Management 
1993;34:1095-103. 

[32]  Svensson  R,  Odenberger  M,  Johnsson  F,  Stromberg  L.  Transportation  systems 
for  C02— application  to  carbon  capture  and  storage.  Energy  Conversion  and 
Management  2004;45:2343-53. 

[33  ]  Koukouzas  N,  Typou  I.  An  assessment  of  C02  transportation  cost  from  the  power 
plants  to  geological  formations  suitable  for  storage  in  North  Greece.  Energy 
Procedia  2009;1:1657-63. 

[34]  Gale  J,  Davison  J.  Transmission  of  C02 -safety  and  economic  considerations. 
Energy  2004;29:1319-28. 

[35]  Doctor  RD,  Molburg  JC,  Brockmeier  NF,  Thimmapuram  P.  Transporting  carbon 
dioxide  recovered  from  fossil-energy  cycles;  2001.  p.  6-13. 

[36]  Berger  B,  Kaarstad  O,  Haugen  HA.  Creating  a  large-scale  C02  infrastructure  for 
enhanced  oil  recovery;  2004. 

[37]  Barrio  M,  Aspelund  A,  Weydahl  T,  Sandvik  TE,  Wongraven  LR,  Krogstad  H,  et  al. 
Ship-based  transport  of  C02.  In:  7th  international  conference  on  greenhouse 
gas  control  technologies.  2004. 

[38]  Global  CCS  Institute.  Strategic  analysis  of  the  global  status  of  carbon  capture 
and  storage.  Canberra  Global  CCS  Institute;  2009. 

[39]  Herzog  H,  Golomb  D.  Carbon  capture  and  storage  from  fossil  fuel  use.  Encyclo¬ 
pedia  of  energy.  New  York:  Elsevier;  2004.  p.  277-87. 

[40]  Bachu  S.  Sequestration  of  C02  in  geological  media  in  response  to  climate 
change:  road  map  for  site  selection  using  the  transform  of  the  geologi¬ 
cal  space  into  the  C02  phase  space.  Energy  Conversion  and  Management 
2002;43:87-102. 

[41  ]  Sedlacek  R,  Rott  W,  Rokosz  W,  Khan  S,  Joffre  GH,  Ten  Eyck  P,  et  al.  Study  on 
underground  gas  storage  in  Europe  and  Central  Asia.  United  Nations  Economic 
Commission  for  Europe;  2000. 

[42]  Bachu  S,  Gunter  WD.  Overview  of  acid  gas  injection  operations  in  western 
Canada.  In:  Proceedings  of  the  7th  international  conference  on  greenhouse  gas 
control  technologies,  vol.  1.  2005.  p.  443-8. 

[43]  Jessen  K,  Kovscek  AR,  Orr  Jr  FM.  Increasing  C02  storage  in  oil  recovery.  Energy 
Conversion  and  Management  2005;46:293-311. 


3616 


N.Y.G.  Lai  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  15  (201  \ )  3608-3616 


[44]  Lackner  KS.  Climate  change:  a  guide  to  CO2  sequestration.  Science  2003;300: 
1677-8. 

[45]  Rubin  ES,  Chen  C,  Rao  AB.  Cost  and  performance  of  fossil  fuel  power  plants  with 
C02  capture  and  storage.  Energy  Policy  2007;35:4444-54. 

[46]  Rubin  ES,  Rao  AB,  Chen  C.  Understanding  the  cost  of  C02  capture  and  storage  for 
fossil  fuel  power  plants.  In:  28th  international  technical  conf  on  coal  utilization 
&  fuel  systems.  2003.  p.  89. 

[47]  Riahi  K,  Rubin  ES,  Schrattenholzer  L.  Prospects  for  carbon  capture  and 
sequestration  technologies  assuming  their  technological  learning.  Energy 
2004;29:1309-18. 

[48]  McKinsey  and  Company.  Carbon  capture  and  storage:  assessing  the  economics. 
McKinsey  and  Company;  2008. 

[49]  McCoy  ST,  Rubin  ES.  Models  of  CO2  transport  and  storage  costs  and  their  impor¬ 
tance  in  CCS  cost  estimates;  2005. 

[50]  David  J,  Herzog  H.  The  cost  of  carbon  capture.  In:  Williams  DJ,  Durie  B,  McMul- 
lan  P,  Paulson  C,  Smith  A,  Australian  Greenhouse  Off  RTRIITE,  et  al.,  editors. 
5th  international  conference  on  greenhouse  gas  control  technologies.  Cairns, 
Australia:  CSIRO;  2001.  p.  985-90. 

[51  ]  Davison  J.  Performance  and  costs  of  power  plants  with  capture  and  storage  of 
C02.  Energy  2007;32:1163-76. 

[52]  Taylor  MR,  Rubin  ES,  Hounshell  DA.  Effect  of  government  actions  on  tech¬ 
nological  innovation  for  SO2  control.  Environmental  Science  &  Technology 
2003;37:4527-34. 

[53]  McDonald  A,  Schrattenholzer  L.  Learning  rates  for  energy  technologies.  Energy 
Policy  2001;29:255-61. 

[54]  Rubin  ES,  Yeh  S,  Antes  M,  Berkenpas  M,  Davison  J.  Use  of  experience  curves  to 
estimate  the  future  cost  of  power  plants  with  C02  capture.  International  Journal 
of  Greenhouse  Gas  Control  2007;1:188-97. 

[55]  Gale  J.  Geological  storage  of  CO2:  what  do  we  know,  where  are  the  gaps  and 
what  more  needs  to  be  done?  Energy  2004;29:1329-38. 

[56]  IEAGHG.  RD&D  database:  CO2  geological  storage  R&D  projects;  2011. 

[57]  GAO.  Coal  power  plants  opportunities  exist  for  DOE  to  provide  better 
information  on  the  maturity  of  key  technologies  to  reduce  carbon  dioxide 
emissions.  Washington,  DC:  United  States  Government  Accountability  Office; 
2010. 

[58]  McCoy  ST.  The  economics  of  C02  transport  by  pipeline  and  storage  in 
saline  aquifers  and  oil  reservoirs.  Pittsburgh,  PA:  Carnegie  Mellon  University; 
2008. 

[59]  ACCAT.  Accelerating  the  deployment  of  carbon  abatement  technologies  with 
special  focus  on  carbon  capture  and  storage.  Advisory  document  from  ACCAT. 
London,  UK:  Department  of  Energy  and  Climate  Change;  2010. 

[60]  Pershad  H,  Stewart  A.  One  North  Sea.  A  study  into  North  Sea  cross-border  CO2 
transport  and  storage.  London:  The  North  Sea  Basin  Task  Force;  2010. 

[61  ]  Ciferno  J.  Carbon  capture  2020  workshop.  DOE/NETL  Existing  Plants  CO2  Cap¬ 
ture  R&D  Program.  DOE/NETL;  2009. 

[62]  IEA.  Technology  roadmap  carbon  capture  and  storage.  Paris:  International 
Energy  Agency;  2009. 

[63]  Tully  S.  The  human  right  to  access  electricity.  The  Electricity  Journal 
2006;19:30-9. 

[64]  Hang  L,  Tu  M.  The  impacts  of  energy  prices  on  energy  intensity:  evidence  from 
China.  Energy  Policy  2007;35:2978-88. 

[65]  Van  der  Horst  D.  NIMBY  or  not?  Exploring  the  relevance  of  location  and  the 
politics  of  voiced  opinions  in  renewable  energy  siting  controversies.  Energy 
Policy  2007;35:2705-14. 


[66]  Devine  Wright  P.  Beyond  NIMBYism:  towards  an  integrated  frame¬ 
work  for  understanding  public  perceptions  of  wind  energy.  Wind  Energy 
2005;8:125-39. 

[67]  Kraft  ME,  Clary  BB.  Citizen  participation  and  the  NIMBY  syndrome:  pub¬ 
lic  response  to  radioactive  waste  disposal.  The  Western  Political  Quarterly 
1991;44:299-328. 

[68]  Othman  MR,  Martunus,  Zakaria  R,  Fernando  WJN.  Strategic  planning  on  carbon 
capture  from  coal  fired  plants  in  Malaysia  and  Indonesia:  a  review.  Energy 
Policy  2009;37:1718-35. 

[69]  Oh  TH.  Carbon  capture  and  storage  potential  in  coal-fired  plant  in  Malaysia— a 
review.  Renewable  and  Sustainable  Energy  Reviews  2010;14:2697-709. 

[70]  Peterson  S.  Greenhouse  gas  mitigation  in  developing  countries  through  tech¬ 
nology  transfer?  A  survey  of  empirical  evidence.  Mitigation  and  Adaptation 
Strategies  for  Global  Change  2008;13:283-305. 

[71]  Gibbins  J,  Chalmers  H.  Preparing  for  global  rollout:  a  developed  country 
first’  demonstration  programme  for  rapid  CCS  deployment.  Energy  Policy 
2008;36:501-7. 

[72]  Lin  B-W.  Technology  transfer  as  technological  learning:  a  source  of  com¬ 
petitive  advantage  for  firms  with  limited  R&D  resources.  R&D  Management 
2003;33:327-41. 

[73]  Mitsubishi  Heavy  Industries.  MHI  to  license  flue  gas  carbon  dioxide  recovery 
technology.  To  Indian  Fertilizer  Company.  Mitsubishi  Heavy  Industries;  2008. 

[74]  Gas  Malaysia.  Peninsular  gas  utilisation  project.  Gas  Malaysia;  2010. 

[75]  IEA.  CO2  capture  and  storage,  a  key  carbon  abatement  option.  Paris:  OECD/IEA; 
2008. 

[76]  Samsudin  Y,  Darman  N,  Husain  D,  Hamdan  K.  Enhanced  oil  recovery  in 
Malaysia:  making  it  a  reality.  Part  II.  In:  SPE  international  improved  oil  recovery 
conference  in  Asia  Pacific.  2005.  p.  95931-40. 

[77]  Newlands  IK,  Langford  RP,  Causebook  R.  Assessing  the  CO2  storage  prospec¬ 
tivity  of  developing  economies  in  APEC-applying  methodologies  developed 
in  GEODISC  to  selected  sedimentary  basins  in  the  Eastern  Asian  region.  In: 
Proceedings  of  the  8th  international  conference  on  greenhouse  gas  control 
technologies.  2006. 

[78]  Lai  NYG,  Lee  CW,  Yap  EH.  Clean  development  mechanism  as  an  option  and 
tool  for  carbon  capture  &  storage  implementation  in  Malaysia.  International 
conference  on  Renewable  Energy  2010.  Yokohama,  Japan  2010. 

[79]  PETRONAS.  Sedimentary  basins;  2011. 

[80]  Fankhauser  SSJ,  Tol  R.  On  climate  change  and  economic  growth.  Resource  and 
Energy  Economics  2005;27:1-17. 

[81  ]  Fischer  C,  Newell  R.  Environmental  and  technology  policies  for  climate  change 
and  renewable  energy.  Environmental  and  technology  policies  for  climate 
change  and  renewable  energy.  Washington,  DC:  Resources  for  the  Future; 
2004. 

[82]  Burniaux  JM,  Chateau  J,  Duval  R,  Jamet  S.  The  economics  of  climate  change 
mitigation:  policies  and  options  for  the  future.  In:  OECD  Economics  Department 
Working  Papers.  2008. 

[83]  Jaffe  AB,  Newell  RG,  Stavins  RN.  Energy-efficient  technologies  and  climate 
change  policies:  issues  and  evidence.  Climate  Change  Economics  and  Policy 
2001:171-81. 

[84]  Sims  REH,  Rogner  H-H,  Gregory  K.  Carbon  emission  and  mitigation  cost  com¬ 
parisons  between  fossil  fuel,  nuclear  and  renewable  energy  resources  for 
electricity  generation.  Energy  Policy  2003;31:1315-26. 

[85]  Myhre  RJ,  Stone  M.  Opportunities  for  carbon  capture  and  geologic  storage. 
Southwest  Hydrology  2009;8:18-20. 


